Abstract The dynamic rupture process of the 1891 Nobi, Japan, earthquake was closely reinvestigated by using a boundary integral equation method based on currently available observations. We discussed mainly a possibility of the rupture propagation on branched faults, including a buried fault called the Gifu-Ichinomiya line. Several numerical simulations were made incorporating the information on the fault geometry based on the active fault traces on the ground surface and the maximum principal strain direction observed by the triangular surveys for the past 100 years. The results suggest that the rupture should propagate along the buried fault during the Nobi earthquake if a weak geological discontinuity exists along the GifuIchinomiya line and is connected to the Neodani fault, which is one of the major surface faults appearing during the Nobi earthquake.
Introduction
It has often been observed that earthquake rupture propagates along pre-existing faults with complex geometry in the continental crust. These fault complexities, sometimes referred to as nonplanar faults, include fault bending, jogs, step-overs, offsets, and fault branches. Actually, on the San Andreas fault system, several earthquakes such as the 1966 Parkfield, 1966 Borrego Mountain, 1979 Coyote Lake (Sibson, 1986 , 1979 Imperial Valley (Archuleta, 1984 (Archuleta, ), 1992 Landers (Aochi and Fukuyama, 2002) , and 1999 Hector Mine (Oglesby et al., 2003) earthquakes show these complex patterns of rupture propagation. In some other regions, similar types of rupture propagation have also been observed; for example, the 1891 Nobi, Japan (Mikumo and Ando, 1976) , 1920 Haiyuan, China (Deng et al., 1986 ), 1957 Mongolian, 1990 Luzon, Philippine (Nakata et al., 1990; Yoshida and Abe, 1992) , 1999 Izumit, Turkey , and 2002 Denali, Alaska (e.g., Haeussler et al., 2004; Oglesby et al., 2004) earthquakes.
To understand the physics of rupture propagation on these complex fault systems, several theoretical and numerical studies have so far been made with 2D and 3D dynamic models; for parallel faults with offsets (Harris et al., 1991; Harris and Day, 1993) , for bending faults (Tada and Yamashita, 1997; Bouchon and Streiff, 1997; Aochi et al., 2000; Cruz-Atienza and Vireux, 2004) , for orthogonal faults Kuge, 1998, 2001) , for echelon faults (Harris and Day, 1999) , and for branched faults (Kame and Yamashita, 1999; Aochi et al., 2000; Aochi and Fukuyama, 2002; Poliakov et al., 2002; Kame et al., 2003) . In particular, Aochi et al. (2000) dealt with spontaneous dynamic rupture propagation on a branched-fault system in a 3D homogeneous medium under heterogeneous stress distribution, which clarified the selectivity conditions of rupture propagated on the main and branched faults.
As described in the next section, the 1891 Nobi earthquake in central Honshu, Japan, appears to have ruptured branched faults, although one of them did not break the ground surface, and hence there has been much debate about its existence up to this time. In the present study, we investigate the possibility of this rupture propagation on the branched-fault system, by applying the conditions given by Aochi et al. (2000) and the numerical method by ), Fukuyama (2003 ), and Tada (2006 , with reference to various observations described later.
The 1891 Nobi Earthquake (M ϳ 8) in Central Honshu, Japan
The Nobi earthquake (M ϳ 8) of 28 October 1891 was the greatest inland earthquake ever experienced in the Japanese Islands that was accompanied by long surface-fault breaks extending over 80 km with unusually large horizontal displacements up to 8 m. The surface-fault breaks had been traced initially by Koto (1893) and Omori (1910) , and more recently by Matsuda (1974) from detailed field surveys. Figure 1 shows these fault traces (Matsuda, 1974) , and Table 1 summarizes the main-fault segments with their length, strike direction, and the range of the horizontal offsets, based on Matsuda (1974) . The surface faults consist of three segments: Nukumi fault (aaЈ), Neodani fault (aЈc), and Umehara fault (cd).
In addition, the possible existence of a buried fault is suggested, which branched off at near point c in Figure 1 , Nobi earthquake (Matsuda, 1974) (1; solid lines), as well as the active faults around this region (2; dotted lines), are shown. The buried fault proposed by Mikumo and Ando (1976) (Gifu-Ichinomiya line) is also shown with a straight broken line. The Kochibora fault is also shown as a solid line.
extending southward through Gifu-Ichinomiya possibly down to point e near Nagoya. Here we call it the GifuIchinomiya line. It has been suggested based on various observations, including large accelerations along this line (Omori, 1894) , seismic-intensity distribution inferred from the rates of collapsed houses, a gap between tectonic uplift and subsidence across this line, surficial ground fissures (Muramatu, 1963) , shallow underground structure inferred from deep-well data (Sugisaki and Shibata, 1961) , a relation between the collapsed rates and the thickness of alluvial layers (Yokoo and Horiuchi, 1969) , and also some discontinuity of gravity anomalies across this line (Iida and Aoki, 1959) . Mikumo and Ando (1976) calculated vertical and horizontal deformations from 3D static dislocation models with the fault displacements on the major fault segments (Matsuda, 1974 ) and compared them with the coseismic uplift and subsidence along two leveling routes (Geographical Survey Institute, 1973) and also with the horizontal deformation from triangular surveys (Sato, 1974) . They interpreted that the observed coseismic deformation can better be explained if the buried fault actually exists. Pollitz and Sacks (1994) assumed the existence of the buried vertical fault with two thrust faults dipping northwestward, to explain vertical deformation along another leveling route extending toward Nagoya. Nakano et al. (2003) also postulated a buried thrustfault model dipping eastward along the Gifu-Ichinomiya line to account for the vertical deformation and aftershock activity in the area between the Umehara fault and the GifuIchinomiya line.
In contrast to these interpretations, the Earthquake Research Committee (Okada, 2002) ruled out the possibility of the existence of any active faults along and around the GifuIchinomiya line, based on stratigraphic examinations of shallow-well records together with some results from seismic-reflection surveys (Aichi Prefecture, 1998 Prefecture, , 2000 . However, more detailed stratigraphic surveys of pumice and gravel beds from many more borehole records, which were made recently over an extensive area, revealed shallow underground vertical offsets at a depth of about 25-30 m along a line located 1.5 km east of the previously presumed location (Sugisaki and Shibata, 2003) . They regarded these offsets as a strong indication of the buried fault that displaced during the 1891 earthquake and previous large events during the Quaternary age.
Static Stress Field around the Fault
First, we investigate the stress field from various existing data. Although static stress drop has been roughly estimated for two fault segments (Mikumo and Ando, 1976 ), we recalculated here the possible range of static stress drop on five fault segments; the Nukumi fault (aaЈ), the northern part of the Neodani fault (aЈb), its southern part (bc), the Umehara fault (cd), and the Gifu-Ichinomiya line (ce) (Fig. 1, Table 1 ). To estimate the possible horizontal displacement on the buried fault (ce), assuming that it has actually displaced during the 1891 earthquake, we use the triple-junction kinematics proposed by Andrews (1989) . The rigid-body displacements at this junction require that the ratio of slip to the sine of the opposite angle be the same for all three intersecting segments, that is, D bc /sin ␣ ‫ס‬ D cd /sin b ‫ס‬ D ce /sin c, where angles ␣, b, and c are each less than 180Њ. Two angles, ␣, the angle between the two segments cd and ce, and c, the angle between the two segments bc and cd, are taken from the strike directions of these segments indicated in Table 1 , as ␣ ‫ס‬ 44Њ and c ‫ס‬ 140Њ. The angle ␣ is wide enough for the rupture to propagate on two branched faults (Aochi et al., 2000) . While D bc ranges between 4.0 and 6.5 m, the slip near the southern end (point c) drops down to about 2 m (Matsuda, 1974) . Using these values, D ce on the possible buried fault would be about 1.5-1.8 m. This is comparable to the vertical offset in the first shallow layer along this line (Sugisaki and Shibata, 2003) .
For calculating the static stress drop, we refer to Chinnery (1969) , in which the stress drop on a vertical fault intersecting the surface can be evaluated at the center of the fault, from the fault length and width, the horizontal dis- placement, and rigidity. In actual earthquake faults, the displacement may not be constant over the fault plane but might be amplified near the ground surface because of the effects of low-rigidity surface layers when the fault breaks the surface (Mikumo et al., 1987) . Because it is difficult to estimate its depth profile at this moment without any more data, however, we simply assume the horizontal surface displacements observed by Matsuda (1974) over the entire fault depth. The fault depth is not well known, but it is assumed to be 15 km for all segments because the lowest limit of aftershock activity is at about this depth (Ooida et al., 1971) . The stress drop thus estimated on each fault segment is shown in Table 1 , where the average rigidity is taken to be 3.3 ‫ן‬ 10 10 N/m 2 .
For the computation of spontaneous rupture propagation, it is necessary to incorporate the information on the total stress field over the fault zone prior to the earthquake. For this purpose, we refer to the maximum strain rates measured by the Geographical Survey Institute (1994) for the 100 years from 1893 to 1994. Figure 2 shows that the direction of the strain rates ranges between N90Њ E and N110Њ E in this region. This is also consistent with the direction of compressive tectonic stress over this region derived from recent Global Positioning System (GPS) observations (e.g. Geographical Survey Institute, 1999).
On the other hand, hydraulic fracturing stress measurements have been conducted recently down to a depth of 1300 m near the Midori fault, which is a minor branch of the main Neodani fault, as part of Active Fault Drilling project by the National Research Institute for Earth Sciences and Disaster Prevention (Ikeda et al., 1996) . The results indicate that the maximum compressive stress lies in the northwest-southeast direction, which deviates somewhat from the previous estimates. Note, however, that the Midori fault is located close to a small triangular area that was uplifted during the earthquake with a large vertical offset (ϳ6 m) (Matsuda, 1974 ). Because we believe that this is due to unusual local fault geometry in this region, our fault model does not take into account such a local small-scale fault structure.
We will simulate spontaneous dynamic rupture propagation on the possible branched-fault system, taking into consideration the static stress field in this region, to investigate whether the rupture actually propagated along the buried fault (ce) during the 1891 earthquake.
Dynamic Rupture Propagation
The previous study (Mikumo and Ando, 1976) provided the general features of the faulting process, combining various data, including the fault displacements estimated by Matsuda (1974) , predominant directions of ground motion at various sites, and old seismograph records at two nearby then-existing stations, with the application of a 3D kinematic dislocation model.
To simulate dynamic rupture propagation, we need the fault geometry, the magnitude and direction of stress applied to the fault, and the fault constitutive relation on the fault. In this simulation, the fault geometry is based on the model adopted by Mikumo and Ando (1976) as shown in Figure 3 . Here we assumed vertical faults (i.e., dip angles of all fault segments are assumed to be 90Њ) extending down to a depth of 15 km. On each fault, slip is assumed to occur only in the horizontal direction (i.e., pure strike-slip). On the other hand, the old seismograph records at the two stations that existed at that time went off scale, probably because of the arrival of large-amplitude S waves. These times after triggering of the records were about 8 sec at Gifu and 13.5 sec at Nagoya (Mikumo and Ando, 1976) . If these times can actually be Figure 1 . Along the fault segments aaЈbcd the top margin of the fault is located on the ground surface, and along the buried segment ce, the top margin of the fault is assumed to be located at 1 km depth. The rupture-starting point is assumed to be located at a depth of 10 km near point a (see text for details).
regarded as S-P times, the distance to the rupture initiation point would be about 69 km and 109 km from the two stations, respectively, referring to the upper crustal P-and Swave velocities as 6.0 km/sec and 3.5 km/sec (Aoki et al., 1972) . Apparently, these two epicentral distances converge somewhere near the northwestern edge (point a) of the Nukumi fault. Accordingly, we assumed that the rupture initiated near this point at a depth of 10 km. Here we consider two possible fault models: one with a branch from the main fault to the buried fault and the other without a branch to the buried fault. This aims at examining the possible existence of a fault branch to the buried fault from the viewpoint of the numerical simulations.
For the stress field, we assumed the maximum (r 1 ), intermediate (r 2 ), and minimum (r 3 ) principal stresses as 115 MPa, 100 MPa, and 85 MPa, respectively, where compression is taken as positive in each component. For simplicity, we did not introduce any depth dependence into these stresses. This uniform stress-field assumption cannot produce the depth-dependent variation of slip but can reproduce overall feature of the slip distribution (e.g., Aochi and Fukuyama, 2002) . Because the predominant fault motion is strike-slip, we assumed that r 2 is working in the vertical direction. The absolute value of r 2 (100 MPa) assumed here corresponds to a lithostatic stress at a depth of 4 km for the average crustal density of 2500 kg/m 3 . The absolute values of r 1 (115 MPa) and r 3 (85 MPa) are estimated to fit the stress drop roughly estimated in the previous section (Table 1 ). The r 1 direction was varied between N90Њ E and N105Њ E, which is based on the maximum principal strain directions measured by the triangular surveys (Geographical Survey Institute, 1994) .
For the constitutive relation on the fault, we assume a simple slip-weakening friction law with a uniform slipweakening distance (D c ) of 1 m. In addition, we also need static (l s ) and dynamic (l d ) coefficients of friction to specify the yield (r y ) and frictional (r f ) stresses in the slip-weakening constitutive relation. r y and r f are computed by multiplying the normal stress with the friction coefficient (l s for r y and l d for r f ). After several trial computations, we obtained optimum values of 0.1 and 0.01 for l s and l d , respectively. Note that we did not take into account the effect of pore pressure, and hence, that l s here should be considered as an apparent coefficient of friction.
For a 2D representation of the stress field mapped on the fault, the stress drop (Dr) on each fault segment can be expressed as
where s and r n are the shear and normal stresses on the fault prior to the earthquake, respectively, s f is the shear stress after the earthquake, and u and h are the fault strike and r 1 directions, respectively. By fitting the stress drop in Table 1 , we confirmed that the parameters we assumed here can reproduce stress drops nearly consistent with those given in Table 1 , when s f is negligibly small. Numerical computations for dynamic rupture were done using the boundary integral equation method with triangular elements Fukuyama, 2003; Tada, 2006) . This method enables us to simulate spontaneous dynamic rupture propagating on a fault under prescribed fault geometry, fault constitutive relation, and the stress field. The fault model consists of 1040 triangular elements with an average dimension of 1.8 km (Fig. 3) . Free-surface effects are taken into account using a mirror image as made by Aochi and Fukuyama (2002) . The rupture was initiated by assuming a high-stress concentration patch, which was broken immediately after the initiation of earthquake. The initiation patch is located close to the northern end of the fault system (point a) at a depth of 10 km. Figure 4 shows the snapshots of dynamic rupture propagation during the Nobi earthquake. In the case when the r 1 direction is N105ЊE (Fig. 4c,d) , which is more consistent with the maximum strain direction for the past 100 years after the earthquake (Fig. 2) , the rupture could not propagate along the Umehara fault (cd) where the fault displacement had been actually traced after the earthquake (Matsuda, 1974) . On the other hand, if r 1 is oriented in the direction of N90ЊE (Fig. 4a,b) , the rupture was also able to propagate along the Umehara fault. In this case, the computed surface slip is roughly consistent with the observed one.
Results of Dynamic Rupture Simulation
The condition that the rupture could propagate or not toward the Umehara fault, when the rupture reached at the southern end (point c) of the Neodani fault, appears to depend on the initial shear-stress level accumulated on the Umehara fault. For the r 1 direction of N105Њ E, the shear stress was not accumulated on the Umehara fault as seen at the initial stage (t ‫ס‬ 0) (Fig. 4c,d ). For the r 1 direction of N90Њ E, on the other hand, the initial shear-stress level on the Umehara fault is almost the same as that on the Nukumi and Neodani faults. This may why the rupture could propagate both along the Neodani and Umehara faults. Because the maximum principal tectonic stress is oblique to the GifuIchinomiya line, the initial shear stress became insensitive to a slight change of the principal stress direction, which could make the rupture propagate along the Gifu-Ichinomiya line in both cases.
In this simulation, rupture velocity is controlled by the balance between the release of strain energy and consumption of fracture energy (Fukuyama and Olsen, 2002) . Fracture energy is controlled by l s and l d as well as D c . Because these parameters are simplified and assumed to be uniformly distributed over the fault here, we could not tune the rupture velocity well. A stable solution was that the rupture propagates with super-shear velocity along the main fault segments before the branch. As Kame and Yamashita (1999) , Poliakov et al. (2002) , and Kame et al. (2003) suggested, for the rupture to propagate along both of the branches, the rupture should propagate fast enough, which is consistent with the present simulation, while Mikumo and Ando (1976) estimated a rather slow rupture velocity by kinematic forward modeling of the observed waveforms. Figure 5 shows the snapshots of dynamic rupture propagation, assuming that there is a 1-km gap between the southern edge of the Neodani fault and the northern edge of the Gifu-Ichinomiya line. It is found that the general features of the rupture propagating on the Nukumi, Neodani, and Umehara faults do not change. This is because the branch angle between the Umehara fault (cd) and Gifu-Ichinomiya line (ce) is greater than 30Њ, and under this situation the rupture propagating along each branched fault does not interfere with the other, as has been shown by Aochi et al. (2000) .
Note that the rupture did propagate along the Umehara fault and not along the Gifu-Ichinomiya line for the case of the r 1 direction is N90Њ E although it propagated along the Gifu-Ichinomiya line for N105Њ E case. Thus, the existence of the gap between the Neodani fault and Gifu-Ichinomiya line prevented the rupture from propagating further along the Gifu-Ichinomiya line for the N90Њ E case, but the rupture could overcome this barrier for the N105Њ E case. This implies that for the rupture to propagate both on the Umehara fault and the Gifu-Ichinomiya line, it is important whether the Gifu-Ichinomiya line exists as a weak line and whether its northern edge is connected to the southern edge of the Neodani fault. According to Kaneda (2005, personal comm.) there is a short right-lateral fault on the surface (called the Kochibora fault; see Fig. 1 ) between the Neodani fault and the Gifu-Ichinomiya line, which is conjugated to the Neodani fault. If this Kochibora fault slipped at depth during the Nobi earthquake, the Gifu-Ichinomiya line could rupture during the earthquake because it connected the Neodani fault and the Gifu-Ichinomiya line at depth, which would make the rupture propagate more easily along the Gifu-Ichinomiya line. These results also suggest that the Gifu-Ichinomiya line would not break when any weak tectonic lines had not existed there or if a barrier exists between the Neodani fault and Gifu-Ichinomiya line that is strong enough to resist dynamic rupture during the earthquake.
Discussions
Now we compare the obtained features of rupture propagation with the ground motions observed during the earthquake. Although there were no instrumental measurements of strong ground motions at that time, Omori (1900) investigated zones severely damaged because of the earthquake (Fig. 6 ). These zones appear to correspond to the ruptured fault traces during the earthquake, covering the Umehara fault and the Gifu-Ichinomiya line (see Fig. 6 ). One should be careful, however, when comparing the modeling results with the damage distribution because the distribution could include the effect of local site amplification. Actually, the Nobi plain is covered by a sedimentary basin located south of the source region of the Nobi earthquake. On the other hand, however, we should also take into account the observations that buried faults generate stronger ground shaking than surface-breaking faults (Somerville, 2003; Kagawa et al., 2004) . For this reason, we think that the distribution of damaged zone could be enlarged by the local site effects but its basic feature was caused by the faulting itself during the earthquake. This could also be the reason why the GifuIchinomiya line did not appear on the surface during the Nobi earthquake. Because the shallow sediments did not sustain any stress, stress drop could not occur there during the rupture, which might prevent the rupture from reaching the surface.
In this fault modeling we assumed a pure-strike-slip vertical fault. Note, however, that significant vertical offsets were observed on the ground surface. Because there is no information on the dip of the deeper part of the faults, we did not take into account the dip-slip components. The initial shear stress and the slip direction on the fault depend strongly on the dip of the fault. Actually, the stress field near the surface and at seismogenic depths could be very different, and the slip direction could also change because of the difference of the absolute magnitude of stress (Spudich, 1992; Guatteri and Spudich, 1998) . Even if the fault plane of the Gifu-Ichinomiya line dips some amount as suggested by Nakano et al. (2003) , the computation result will not change significantly because the amount of shear stress on the fault before the earthquake might not be quite different from that for the strike-slip case. Muramatsu et al., 2002 ) is plotted on the active-fault traces of the Nobi earthquake (red line; Matsuda, 1974) with the buried fault trace of the Gifu-Ichinomiya line (purple dotted line; Mikumo and Ando, 1976) .
There might be a possibility that the tectonic stress direction rotates along the fault trace, which might affect the dynamic rupture propagation as Aochi and Fukuyama (2003) estimated for the 1992 Landers earthquake. But by looking at the strain change in the source region (Fig. 2) , the maximum principal direction did not change, suggesting a rather uniform stress field in this region. Note that this strain distribution is after the earthquake and we have no information about before the earthquake. For the Landers case, a tectonic boundary exists at the center of the fault, but for the present case, no tectonic boundaries are reported in the source region.
Conclusions
We have attempted to reproduce a dynamic rupture process of the 1891 Nobi earthquake, using its fault geometry estimated from the observed surface-fault slips and the stress field inferred from geodetic observations. For this purpose, numerical computations have been made by using the boundary integral equation method. The results obtained from these numerical simulations suggest that a buried fault called the Gifu-Ichinomiya line should exist as a southern extension of the Neodani fault and may have been broken during the Nobi earthquake. In addition, for dynamic rupture propagating on the two branched faults, including the Umehara fault which is a southeastern segment, the principal stress direction should be oriented in N90ЊE, which is slightly rotated counterclockwise from the average direction inferred from geodetic observations.
